Abstract
INTRODUCTION
Biological systems appear to transport manganese solely as the divalent cation. To date, two major classes of Mn 2+ transporters in prokaryotes have been characterized: the Nramp H + -Mn 2+ transporters and the ATP-binding cassette (ABC) Mn 2+ permeases. Virtually all bacterial genomes contain one or both of these classes. Eukaryotes also appear have both Nramp and ABC class Mn 2+ transporters, though the latter class has been less well characterized. A much smaller number of bacterial species such as Lactobacillus appear to carry a third class, a Mn 2+ -transporting P-type ATPase. Eukaryotes appear to have a P-type ATPase uniquely capable of both Mn 2+ and Ca 2+ transport. Table 1 lists bacterial species for which Mn 2+ transport data has been published.
NRAMP Mn 2+ TRANSPORTERS
Thirty years ago, Plant & Glynn (85, 86) showed that susceptibility of mice to infection by Salmonella enterica serovar Typhimurium (S. Typhimurium) was markedly increased by mutation of a locus termed ity. Similar decreases in mouse resistance to infection by Leishmania donovani (lsh) and Mycobacterium bovis (bcg) were described and mapped (18, 87) . Ultimately, it was realized that the same locus was involved in controlling resistance to three markedly different pathogens. A common thread connecting these three pathogens is that they all infect macrophages, and the lack of a functional ity/lsh/bcg gene results in an inability of the macrophage to destroy intracellular pathogens (42, 122). Cloning of the chromosomal genomic interval containing this locus in 1993 allowed the identification of a gene encoding a potential transport protein that was expressed almost exclusively in macrophages (73, 116) . The locus was subsequently renamed Nramp (natural resistance associated macrophage protein). Later work by the same group led to the identification of a second Nramp in eukaryotes, designated Nramp2 (44). Nramp2 does not appear to be involved in host resistance; rather it appears to be involved in intestinal uptake of Fe 2+ and intracellular distribution of iron because its mutation led to iron deficiency and microcytic anemia (20, 35) . Electrophysiological studies on Nramp2 have revealed that it is a broadspectrum, H + -coupled symporter for transition metal divalent cations, especially Fe of transporters is widespread in both eukaryotes and prokaryotes (21, 22) . Initially, the apparent role of Nramp2 in iron homeostasis suggested that the orthologous Nramp1 would be involved in iron homeostasis in macrophages and that Nramp1's role in resistance to pathogens would be due to some requirement for iron in macrophages. Subsequent work indicated that, like Nramp2, Nramp1 transports several transition metal divalent cations at physiologically relevant concentrations. Functional studies on the transport capabilities of murine Nramp1 expressed in Xenopus laevis oocytes indicate that it is a H + divalent cation antiporter mediating Mn 2+ , Fe 2+ , and Zn 2+ uptake (43). The K 0.5 for Zn 2+ was determined to be ≈600 μM. (Transport studies discussed herein are all performed in whole cells rather than on isolated, purified transport proteins. We therefore prefer the term K 0.5 , rather than K m or K a , to denote the cation concentration at which 50% maximal transport occurs.) The antiporter activity is in sharp contrast to Nramp2's symporter activity. Murine Nramp1 modified by insertion of a hemagglutinin epitope tag between putative transmembrane domains 7 and 8 has also been studied (36). When expressed in CHO cells, the tagged Nramp1 is targeted abnormally to the plasma membrane but appears fully capable of transport. Studies with both fluorescent dyes and radioisotopes indicated that this Nramp1 construct mediated 2+ to Nramp1 function and to bacterial pathogenesis was derived from these studies, which strongly suggested that the primary role of the Nramp class of transporters in bacteria is to transport divalent manganese, not ferrous iron or Zn 2+ . Further, just as mutation of Nramp1 in the eukaryotic host rendered the host more susceptible to infection, bacterial virulence is attenuated by mutation of its Nramp transporter.
Structure and Membrane Topology of Nramp Transporters
Little is known about the structure of the Nramp transporters. They are generally about 450 amino acids in length in prokaryotes but range from 350 to 560 amino acids in eukaryotes. Bacterial and fungal Nramps have been predicted to have 10 to 12 transmembrane domains, a topology that seems conserved in the eukaryotes. Recently, using the standard protein fusion approach, Courville et al. (27) experimentally determined that the E. coli Nramp has 11 transmembrane segments with a cytoplasmic N terminus and a periplasmic C terminus. On the basis of sequence alignments, most if not all Nramps would appear to have a similar topology.
Cation Transport by Nramp Transporters
The first studies of Mn 2+ transport in prokaryotes, as for most other cations, were conducted in B. subtilis and E. coli by Silver and colleagues (34, 108, 109) more than 30 years ago. Their studies demonstrated energy-dependent, highly selective uptake of Mn 2+ and were most likely measuring uptake via Nramp transporters. These studies were not, however, followed up until the bacterial homologs of the eukaryotic Nramp transporters were recognized.
In 
The Problem of Cation Selectivity of the Nramp Transporters
A serious problem in the study of Mn 2+ transport, and in the study of most cation transport systems, is that cation selectivity of the transporter is almost never adequately characterized. While the ability of a protein to function as a transporter can generally be inferred from its homology to a known transport system, its preferential substrate cannot be readily inferred. Nowhere is this more apparent than with the Nramp class of transporters. Initial studies with the eukaryotic Nramp2 suggested that it was involved in iron uptake because its mutation gave a phenotype of microcytic anemia (35). Yet loss of Nramp2 also leads to manganese deficiency (24 Most of this class of ABC class transporters appear to have a preference for Mn 2+ over other cations. It is difficult to come to any definitive conclusions about cation selectivity for this class of transporters, primarily because studies of the concentration dependence of uptake or even inhibition by various transition metal divalent cations are available for only four systems. In S. Typhimurium, the SitABCD transporter was obtained through lateral gene transfer presumably because it is present on a pathogenicity island (63) and thus is not present in other close relatives of S. 2+ is a poor substrate with an affinity for the transporters too weak to be physiologically relevant. Thus it is unlikely that Fur-mediated repression is necessary to limit iron acquisition when iron is replete. Rather, it may be a signal that Mn 2+ is unnecessary under some circumstances if there is already sufficient iron.
Summary of Regulation

MANGANESE AND PATHOGENESIS
As noted above, the recent surge in interest in Mn 2+ and Mn 2+ transporter systems was due to the realization that the longknown ity/lsh/bcg locus encoded Nramp1, a divalent metal cation transporter, converging with studies primarily in gram-positive 
S. Typhimurium Infection
In the intestine S. Typhimurium actively invades epithelial cells and M cells located in Peyer's patches. The bacteria eventually enter macrophages associated with Peyer's patches. The macrophages spread the disease throughout the body via the lymphatic system. While resident within a macrophage, S. Typhimurium resides in a specialized organelle (98, 104), the Salmonella containing vacuole (SCV). SCVs are low in nutrients and potentially high in oxidants (39). It is within this SCV that Mn 2+ homeostasis is thought to be important.
S. Typhimurium Survival and Expression of Mn 2+ Transporters in Macrophages
Extensive studies of the expression of mntH and sitABCD after invasion of macrophages have been carried out. Two salient points emerge. First, both transporters were markedly induced immediately upon invasion of IFN-γ-activated RAW264.7 macrophages by S. Typhimurium SL1344. By 2 h postinvasion, mntH transcription increased 8-fold and sitA expression increased 30- 
Animal Studies with S. Typhimurium
BALB/c mice carry a mutation at the ity locus and thus are naturally Nramp1 −/− . Oral inoculation with as few as 10 5 wild-type S. Typhimurium is generally fatal by about 7 days post-infection. In contrast, in a Nramp1 +/+ mouse, an oral inoculation of 10 8 to 10 9 bacteria is generally required for death after 12 to 15 days. This is the practical reason why BALB/c is generally the preferred strain in many studies of bacterial infection.
With regard to Mn 2+ , several studies comparing wild-type S. Typhimurium with strains lacking one or more genes relevant to Mn 2+ have been performed. Initial reports studied infection of BALB/c mice with mntH or sitABCD mutants. Compared with infection with wild type, infection with a mntH mutant showed a modest effect on virulence, a oneto two-day delay of the onset of disease and a drop in mortality to 50% (65). With regard to sitABCD, Janakiraman & Slauch (56) showed that a sitABCD mutant strain competed poorly with wild type after either oral inoculation or intraperitoneal injection in BALB/c mice. In studies in the Nramp1 +/+ C3H mouse (D. G. Kehres & M. E. Maguire, unpublished data), both mntH and sitABCD strains were markedly attenuated compared with wildtype bacteria, whereas the mntH sitABCD double-mutant strain was completely avirulent. These findings were compatible with the previous observations by Janakiraman & Slauch that a sitABCD mutant competed much more poorly with wild type after infection of C3H mice than after infection of BALB/c mice (56).
Boyer et al. (14) were the first researchers to compare the effects of loss of mntH or sitABCD in congenic Nramp1 mice, injecting sitABCD, mntH, and feoB mutant strains of S. Typhimurium intravenously into 129/Sv Nramp1 +/+ and 129/Sv Nramp1 −/− mice. At the dose of bacteria used, neither wild type nor any of the mutant strains were lethal to the Nramp1 +/+ mice. In the Nramp1 −/− mice, the mntH stain was fully virulent, but the sitABCD and the feoB strains were markedly attenuated. The mntH feoB double mutant, the sitABCD feoB double mutant, and the mntH sitABCD feoB triple mutant were completely avirulent in the Nramp1 (70) . No studies with the Enterococcus mntH homolog have been reported.
Bacillus anthracis. The bacterium B.
anthracis is an endospore-forming grampositive rod that has long been regarded as a potential bioweapon. Spores may be inhaled by a host and engulfed by macrophages found in alveolar tissue. The spores germinate in the phagosome and most likely multiply there, producing toxins that cause cell lysis. The freed bacteria enter the bloodstream, multiply rapidly, and kill the host through sepsis. Recently, a presumed Mn 2+ -transporting mntCBA locus was identified in B. anthracis (40) . No data were reported regarding its cation transport capability, but both Mn 2+ and Fe 2+ restored growth of a mntA mutant in metal-deficient medium. The mntA mutant was impaired for spore growth in RAW264.7 macrophage-like cells and exhibited delayed macrophage lysis. Interestingly, addition of 5 μM Mn 2+ to the cell culture medium rescued this phenotype; unfortunately no other metals were tested, thus preventing determination of the specificity of the complementation. In a guinea pig infection model, the mntA null strain does not affect the expression of classic virulence determinants; however, the strain is markedly attenuated. No reports of the mntH homolog in B. anthracis have been published.
Oral streptococci. Oral streptococci such as S. parasanguis, S. mutans, S. gordonii, S. pyogenes, and S. pneumoniae are part of the human body's flora. One virulence factor common to all these bacteria is the LraI family of proteins. These proteins were originally thought to aid solely in the adherence of the bacteria to the oral cavities; however, recently roles for Mn 2+ transport for many of these proteins have been identified. The putative Mn 2+ transporters in these species are FimABC (S. parasanguis), SloRABC (S. mutans), ScaCBA and AdcRCBA (S. gordonii), MtsABC (S. pyogenes), and PsaBCA (S. pneumoniae). A closely related S. pneumoniae transporter, AdcCBA, is reported to be Zn 2+ selective. In each case, however, selectivity for Mn 2+ (or Zn 2+ ) has been inferred from growth or accumulation studies. Affinities and thus selectivity for Mn 2+ versus other cations have not been determined.
In S. mutans a sloC mutant and wild-type bacteria have been tested in a gnotobiotic rat model of caries. No difference in the incidence of caries was seen. However, upon infection in a rat model for endocarditis the sloC mutant was attenuated (66) as was a S. parasanguis fimA mutant (81) . The virulence phenotypes of S. gordonii ScaCBA and AdcRCBA are unknown (55, 67, 69, 76) . S. pyogenes can cause strep throat, toxic shock syndrome, as well as necrotizing fasciitis when it colonizes an atypical environment. Mutation of its one known Mn 2+ transporter, MtsABC, results in modest attenuation in Nramp1 −/− BALB/c mice (57, 58). S. pneumoniae naturally colonizes the nasopharynx but can cause several diseases, such as pneumonia, meningitis, otitis media, and sinusitis, when it migrates away from its native environment. PsaA of S. pneumoniae was initially characterized as an adhesion protein (9, 31). For example, psaA mutants adhere to human lung alveolar carcinoma A549 cells much more poorly than do wild type. In mouse models of infection, the deletion of either the psaB, psaC, or psaA gene rendered S. pneumoniae avirulent in mouse models of respiratory tract, otitis media, and systemic disease (74) . Thus Mn 2+ is involved in the virulence of these streptococcal pathogens. Its primary role is most likely the control of adherence and/or protection against reactive oxygen species.
Staphylococcus aureus. S. aureus is a grampositive bacterium that typically colonizes the nasal passages but can cause a variety of human diseases, from superficial skin infections to toxic shock syndrome. S. aureus carries two putative Mn 2+ transporters, the ABC class mntABC and the Nramp homolog mntH, both of which are regulated by a MntR repressor. The mntH mntA double mutant exhibits reduced virulence in a murine abscess model of infection (52). Involvement of these putative Mn 2+ transporters in infection has also been inferred indirectly through expression of a hyper-repressor mutant of the Corynebacterium diphtheriae DtxR in S. aureus (4). 
Mn
2+ -DEPENDENT ENZYMES
Mn
2+ -Cofactored Superoxide Dismutase
The importance of sodA in virulence has been investigated in several species of bacteria. The results have been mixed. SodA is essential for Erwinia chrysanthemi infection in plants (105) and has been suggested to be important for virulence of Y. enterocolitica, S. agalactiae, and S. pneumoniae in the mouse (80, 93, 99, 117) . Mutation of sodA appeared to have no effect on virulence in S. aureus, P. aeruginosa, S. Typhimurium, and, in a rat model, E. coli (10, 26, 90, 115) . Indirect data support a possible role for a novel secreted form of SodA in M. tuberculosis (15 
Cyclic Diguanylate Regulation
3 ,5 -cyclic diguanylate has recently been recognized as an ubiquitous and important second messenger in bacteria (100). GGDEF domain proteins synthesize cyclic diguanylate, and EAL domain proteins are cyclic diguanylate-specific phosphodiesterases that linearize and thus degrade the messenger. Cyclic diguanylate levels are particularly important in biofilm formation and motility in (at least) Y. pestis, V. cholerae, S. aureus, P. aeruginosa, and S. Typhimurium (11, 38, 49, 61, 112) . The phosphodiesterases appear to require Mn 2+ for activity (11, 110) . Therefore, in the absence of Mn 2+ a bacterium would be unable to degrade cyclic diguanylate and thereby regulate biofilm formation. Disruption of cdgR (ydiV), which is the EAL domain protein in S. Typhimurium, increased cyclic diguanylate levels sevenfold and decreased bacterial resistance to peroxide. A cdgR mutant was attenuated in C57BL/6 mice (Nramp1 −/− ). Paradoxically, the cdgR mutant strain exhibited an increased ability to kill peritoneal macrophages (49). (3, 5, 16, 17, 32) . These enzymes are clustered at the center of the highly interconnected web of pathways responsible for carbon flux through metabolic pathways, especially the flow of carbon from glycolysis into pyruvate and the citric acid cycle. Either accumulation or loss of Mn 2+ could thus markedly alter central carbon flux.
Carbon Metabolism
SpoT and ppGpp
The gene products of relA and spoT are ppGpp synthases. This nucleotide is involved in the "stringent response" to certain forms of nutrient deprivation. SpoT is Mn 2+ dependent, whereas RelA is not. The Mn 2+ -dependent SpoT is the only ppGpp hydrolase in the cell. spoT mutants are lethal because RelA makes ppGpp, which accumulates. High concentrations of ppGpp are toxic (29, 60, 79, 113) . In the Nramp1 −/− BALB/c mouse, a relA strain has no significant virulence phenotype, but the relA spoT mutant is completely avirulent (K. Tedin, personal communication), presumably because some form of the stringent response is relevant to virulence. Nonetheless, because the spoT mutant alone is lethal, its role in virulence will be difficult to study. 4. Mutation of these Mn 2+ transport systems in a variety of organisms attenuates virulence. 5 . The degree to which the prokaryotic Mn 2+ transporters are important for virulence depends on whether or not the host organism expresses Nramp1.
CONCLUSIONS
Although the importance of Mn
2+ for virulence of the pathogen is now established, the specific cellular role(s) for which Mn 2+ is required is unknown.
FUTURE ISSUES
1. The cation selectivity of these transport systems cannot be inferred from genomic data or simple cation accumulation data. It is imperative that actual affinities for most if not all transition metal divalent cations be determined to allow inference of the physiologically important cation(s). 
